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Abstract
Study Design: Prospective.
Objectives: The goals of this study were to (1) evaluate the differences in
weightbearing symmetry between individuals with adolescent idiopathic
scoliosis (AIS) and typically developing controls; (2) observe the effect of
posterior spinal fusion and instrumentation (PSFI) on volitional weight-shifting
at 1 and 2 years postoperatively; and (3) evaluate whether lowest
instrumented fusion level (ie, lowest instrumented vertebra [LIV]) in PSFI has
an effect on volitional weight-shifting.
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Summary of Background Data: Previous studies have conflicting findings
with regard to the effect of scoliosis on postural control tasks as well as the
effect of surgery. They have also noted an inconsistent effect of PSFI at
different LIVs, with more distal LIVs exhibiting greater reductions in
postoperative range of motion.
Methods: The study was designed with an AIS group of 41 patients (8 males
and 33 females) with AIS who underwent PSFI, along with a Control Group of
24 age-matched typically developing participants (12 male and 12 female).
Both groups performed postural control tasks (static balance and volitional
weight-shifting), with the AIS group repeating the tasks at 1 and 2 years
postoperatively.
Results: At baseline, the AIS group showed increased weightbearing
asymmetry than the Control Group (p = .01). The AIS group showed
improvements in volitional weight-shifting at 2 years over baseline (p < .01).
There was no effect of LIV on volitional weight-shifting by the second
postoperative year.
Conclusions: Individuals with AIS have greater weightbearing asymmetry
but improved volitional weight-shifting over typically developing controls.
PSFI improves volitional weight-shifting beyond preoperative baseline but
does not differ significantly by LIV.
Keywords: Scoliosis, Postural control, Posterior instrumentation and fusion

Introduction
There is a lack of consensus on the effect of scoliosis on postural
control in those with adolescent idiopathic scoliosis (AIS), and this may
be due to recent overemphasis on studying standing balance over
volitional movement. Some investigators have noted that those with
AIS exhibit increased sway1,2,3,4,5,6,7,8,9 whereas others have found no
difference at all10,11 or a difference with a visual challenge.2,12,13,14
Others have reported participants with AIS having less sway isolated
to the anterior-posterior direction.15 Explanations for the discrepancies
include differences in curve characteristics (eg, severity and involved
levels) and inconsistent experimental tasks.16 The mechanism of effect
of AIS on postural control is also unclear, but studies have noted
asymmetrical muscle tone of the rotators of the spine,17,18 probably
because of proprioceptive or other sensorimotor defects,1,13,19,20,21
which is centered in the brainstem.19
Trunk alignment and motion is integral to postural control
during functional tasks, and volitional weight-shifting is needed for
initiation of gait while also being fundamental to maintaining
balance.22,23 Given that a scoliotic curve distributes extra weight to one
limb over the other, it poses a greater challenge to the sensorimotor
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system during weight-shifting to maintain an unopposed stance.23
Further studies have recognized idiopathic scoliosis to be associated
with problems in motor control,24 so standing balance tasks may not
be able to elicit reliable differences in postural control. Studying the
volitional weight-shifting ability in those with AIS versus typically
developing controls as well as in those with AIS before and after
posterior spinal fusion and instrumentation (PSFI) with long-term
follow-up should reveal response characteristics to a change in the
location of the center of gravity (COG).
The current standard of care for treatment of AIS is PSFI.25,26,27
Research has shown that PSFI has high patient satisfaction and
qualitative improvements with decreased fatigue and increased daily
function.25,26,28,29,30 Studies evaluating the effect of surgery on postural
control had short follow-up periods of less than a year and did not
stratify by instrumentation levels. O'Beirne et al. showed poorer
performance on static postural control tasks at 6 months
postoperation, whereas Schimmel et al. showed static and dynamic
postural control returning to baseline by 1 year.16,31
Although it is reported that PSFI reduces range of motion,
ending instrumentation above L3 or L4 has been inconclusive, with one
study showing no difference32 and one study trending toward
significance with respect to decreased range of motion for the L3 and
L4 groups.26 Finally, a third study demonstrated mildly reduced
forward flexion with distally extending lowest instrumented vertebra
(LIV).33 After PSFI, one must also consider the effect of surgery on
motion at joints distal to the spine. For example, slight increases in
pelvic and hip frontal motion have been identified post-operatively in
individuals with AIS.34 The overall net effect of alterations in motion of
the spine and distal joints on functional movement,
specifically volitional weight-shifting, has not been
investigated. Studying the effect of PSFI on volitional weight-shifting
may better inform surgeons when choosing the level of
instrumentation given the importance of weight-shifting on walking
and functional ability.22 These results may assist in answering
unresolved questions about the impact of fusion to different levels on
functional movement.
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Overall, it is uncertain how AIS and subsequent surgical fusion
to different levels affects volitional weight-shifting. The aims of the
current study are to compare (1) weightbearing symmetry of
individuals with AIS to that of a Control Group; and (2) excursions of
volitional weight-shifting in individuals with AIS fused to different LIV
levels at preoperative and 1- and 2-year postoperative visits. We
hypothesize that (1) there is greater weightbearing asymmetry in the
AIS Group when compared to a Control Group; (2) PSFI improves
volitional weight-shifting ability; and (3) individuals with PSFI
extending to proximal LIV (L2 and above) have greater improvement
in volitional weight-shifting postoperatively than individuals with PSFI
to more distal LIV (L3 and below).

Material and Methods
Participants
This was a prospective study of 41 individuals with AIS (8 male,
33 female, age 15.1 ± 2.1 years) undergoing PSFI. An additional
sample of age range–matched participants (12 male, 12 female, age
16.2 ± 2.4 years) were recruited from the general community for the
Control Group. All participants and a legal guardian gave informed
consent to participate in this institutional review board–approved study
(RUSH University Medical Center IRB).
The AIS Group consisted of a sample of convenience between
October 2007 and August 2012 at a single specialized pediatric
orthopedic institution. A consecutive series of 120 patients had a PSFI,
of which 41 patients agreed to participate in the AIS Group. Thirtynine patients made the 1-year follow-up visit (mean 1.15 years;
range, 0.8–1.5 years) and 31 made the 2-year visit (mean 2.2 years;
range, 1.8–3.4 years). The inclusion criteria included those diagnosed
with AIS and a Cobb angle of >50° (group mean Cobb angle 55° ±
13°). The average age at the time of the PSFI was 15.3 years (range
11.9–18.9 years). Participants were excluded if they required fusion
outside T12 through L4. None of the participants had an L5 vertebra
above the bicrestilean line or L5 sacralization. Because of safety
concerns with the posturography platform, participants were excluded
if they could not walk/stand independently as assistive devices could
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disrupt the posturography measurements. We also excluded
participants who were pregnant because of the potential effect on the
center of gravity. PSFI surgery was performed on all patients in the
AIS Group.
The AIS Group was split into two subgroups, L2− Group (fusions
to L2 and above) and L3+ Group (fusions to L3 and below), to
evaluate the effect of LIV on postural control. There were 15
participants in the L2− Group, of whom 12 made the 1-year follow-up
and 10 made the 2-year visit. There were 26 participants in the L3+
Group, of whom 25 made the first and 22 made the second-year visit.
Table 1 lists the demographic data for all participants in the AIS
Group.
Table 1. Demographic patient data including gender, age at surgery, weight,
height, fusion levels, and lowest instrumented vertebra.
ID Gender Age Weight, kg

Height, cm

Fusion levels Group Lenke class

1

F

14

37.7

156.9

T2–L2

L2−

4(C)

2

F

17

55.5

154

T3–L2

L2−

1(C)

3

F

18

54

162.6

T2–T12

L2−

4(C)

4

F

13

55

165

T3–L1

L2−

3(C)

5

F

15

54.5

162.5

T3–L1

L2−

3(B)

6

F

17

57.2

165.1

T2–L1

L2−

3(C)

7

F

14

62.6

168.9

T3–T12

L2−

1(C)

8

F

12

63.6

158.7

T3–T12

L2−

3(C)

9

5(C)

M

16

84.5

175

T2–L2

L2−

10 M

17

80.9

175.5

T3–L2

L2−

11 F

11

28.1

134.6

T2–L2

L2−

1(C)

12 F

15

52.3

157

T4–L1

L2−

1(C)

13 F

15

45.4

160

T4–T12

L2−

2(B)

14 F

19

61.6

165.6

T3–T12

L2−

3(C)

15 F

18

49.5

162

T4–L2

L2−

3(C)

16 F

13

45

154

T3–L3

L3+

5(C)

17 F

15

53.2

T4–L3

L3+

6(C)

18 F

16

71.1

103.2

T11–L3

L3+

6(B)

19 F

13

34.8

143

T2–L3

L3+

6(C)

20 F

14

40.8

161.3

T2–L3

L3+

3(B)

21 F

15

44.5

155

T2–L3

L3+

2(C)

22 F

14

50

164

T3–L4

L3+

3(C)

23 F

13

44.5

142

T3–L4

L3+

6(C)

24 F

20

46.4

157.5

T2–L4

L3+

1(C)

25 F

17

52.7

164.4

T4–L4

L3+

6(C)
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ID Gender Age Weight, kg

Height, cm

Fusion levels Group Lenke class

26 F

18

50.3

157.5

T3–L3

L3+

1(C)

27 F

12

47.7

155

T3–L3

L3+

1(C)

28 M

15

50.9

152.5

T2–L3

L3+

1(C)

29 F

16

53.6

160

T3–L4

L3+

3(C)

30 F

15

52.3

170.2

T10–L3

L3+

5(C)

31 M

16

53.2

166.4

T3–L3

L3+

3(C)

32 F

17

54.1

176

T4–L4

L3+

3(C)

33 F

13

61.7

167

T3–L4

L3+

2(C)

34 F

13

60.5

170

T3–L4

L3+

6(C)

35 F

13

56.6

159

T2–L4

L3+

3(C)

36 M

16

64.1

167

T3–L3

L3+

3(C)

37 F

16

65

160

T4–L4

L3+

6(C)

38 F

12

65.9

161.9

T4–L4

L3+

3(C)

39 F

17

71.3

170

T2–L4

L3+

2(C)

40 F

15

89.7

165

T3–L3

L3+

2(C)

41 M
15 47.3
167
T3–L4
This chart is reprinted from Spine Deformity.26

L3+

3(C)

Experimental procedure
Participants in both the Control and AIS Groups underwent
weightbearing symmetry and volitional weight-shifting tasks on a
computerized posturography platform (Neurocom SMART EquiTest,
Natus Medical Inc.) using the Motor Control Test and Limits of Stability
protocols (see Fig. 1). Weight symmetry was measured as a
percentage deviation from equal weightbearing through the bilateral
lower extremities (0 = symmetrical weightbearing and 100 = complete
weightbearing through either the right or left lower extremity).
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Fig. 1. Neurocom SMART EquiTest computerized posturography platform.

For volitional weight-shifting, a dynamic balance task was
performed in which subjects stood on a platform facing a computer
screen that displayed their COG as a moving cursor (Fig. 1). We used
the NeuroCom Limits of Stability protocol (LOS), an objectively
measured test of volitional weight-shifting that is valid and reliable.35
LOS testing has been previously shown to have high test-retest
reliability, across subsequent retrials even when the retest occurred
within 1 week.35,36,37 All participants, including those of the Control
Group underwent this task with a single trial at their initial visit.
Members of the AIS Group repeated the test at 1 and 2 years
postoperatively. The screen presented 8 targets in the cardinal
directions (front, left-front, left, left-back, back, right-back, right,
right-front) at the patient's theoretical limit of stability in each
direction (Fig. 2).35 The participants were then instructed to shift their
COG to move the cursor to the targets sequentially while keeping their
Spine Deformity, Vol 4, No. 6 (November 2016): pg. 432-438. DOI. This article is © Elsevier and permission has been
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feet plantigrade on the platform. The endpoint excursion (EPE),
maximum endpoint excursion (MXE), and MXE-EPE were used as
measures of the volitional weight-shifting ability (see Fig. 3). The EPE
was defined as the percentage distance reached toward the target in
the initial weight-shift in the intended direction, prior to any correction.
The MXE was defined as the greatest percentage of distance the
participant reaches toward the target during the trial. The MXE reflects
the maximal weight-shifting distance beyond the EPE in the intended
direction. The MXE-EPE was defined as the subtractive difference
between MXE and EPE and was intended to be a measure of
correction. Healthy adults should reach 100% on both EPE and MXE.35

Fig. 2. Neurocom dynamic balance task—limits of stability.

Fig. 3. An example of endpoint excursion (EPE) and maximum endpoint excursion
(MXE) measures of weight-shifting to the right (R). A participant begins a trial by
maintaining the cursor in the center (C) target. The participant then moves the cursor
by shifting his or her weight toward a target in one of the cardinal directions.
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We defined cardinal left as the average MXE or EPE values for
the left-facing targets (front-left, left, and back-left). We focused on
cardinal left as a majority of individuals with AIS have a primary curve
that is convex to the right, and we surmised the weight-shifting to be
most compromised to the left as supported by noted increased sway to
the right.3

Statistical analysis
A Mann-Whitney U test was performed to compare median
weightbearing symmetry scores between the AIS and Control Groups.
Regression equations were used to evaluate the effect of PSFI (1 and 2
years postoperatively) and effect of LIV (L2− vs. L3+ subgroups) on
measures of volitional weight-shifting, using the MXE, EPE, and MXEEPE measures for the cardinal left direction. Given multiple
comparisons done in this study, we set our significant threshold
(alpha) at p = .01. Statistical calculations were made using SAS (IBM,
Armonk, NY).

Results
Weightbearing symmetry
Individuals with AIS had greater preoperative weightbearing
asymmetry when compared with the Control Group (AIS Group, 10%;
Control Group, 5%, p = .01), as shown in Figure 4.

Spine Deformity, Vol 4, No. 6 (November 2016): pg. 432-438. DOI. This article is © Elsevier and permission has been
granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be
further copied/distributed or hosted elsewhere without the express permission from Elsevier.

10

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

Fig. 4. Comparison between preoperative weight symmetry in the AIS versus Control
Groups (0 = symmetrical weightbearing and 100 = complete weightbearing through
either the right or left lower extremity).

Dynamic weight-shifting task
At baseline, the Control Group had the following values for
cardinal left: EPE = 76% and MXE = 90%. The AIS Group performed
better on the tasks at baseline, with EPE = 84% and MXE = 95% (see
Fig. 5 and Fig. 6). There was a significant difference between the EPE
(p < .01) but not MXE (p = .02) when comparing the AIS Group to the
Control Group at baseline. Fig. 5, Fig. 6 and Fig. 7 show the cardinal
left EPE, MXE, and the difference between the two (MXE-EPE) from
baseline to the first- and second-year visits. Compared with the
preoperative evaluation, there was a significant effect of surgery by
the second postoperative year during volitional weight-shifting on EPE
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(p < .01) and MXE-EPE (p < .01) but not MXE (p < .01) in both AIS
subgroups. There was no main effect of LIV on volitional weightshifting, as participants demonstrated similar EPE, MXE, and MXE-EPE
values by the second postoperative year.

Fig. 5. Cardinal left EPE. EPE, endpoint excursion.

Fig. 6. Cardinal left MXE. MXE, maximum endpoint excursion.
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Fig. 7. Cardinal left MXE-EPE. EPE, endpoint excursion; MXE, maximum endpoint
excursion.

Radiographic assessment
Table 2 describes the preoperative and postoperative
radiographic data for the participants in the AIS group. The AIS group
had a mean preoperative Cobb angle of 55° ± 13°, which decreased to
23 ± 7 at the Year 1 and 24 ± 8 at the Year 2 postoperative visit.
Table 2. Summary of radiographic data by group.
Preoperation Postoperative Year 1 Postoperative Year 2 % correction
Cobb angle (major curve)
All

55.1 ± 13.0

23.4 ± 6.8

23.7 ± 7.7

54.6 ± 19.5

L2− 51.4 ± 9.3

22.9 ± 6.7

21.8 ± 6.4

58.1 ± 10.8

L3+ 57.0 ± 14.3

23.6 ± 7.0

24.8 ± 8.3

52.7 ± 22.8

All

40.3 ± 9.8

20.9 ± 6.8

21.8 ± 7.3

42.1 ± 26.3

L2− 38.0 ± 6.5

20.9 ± 8.5

21.4 ± 8.5

41.4 ± 26.1

L3+ 41.4 ± 11.1

20.8 ± 6.1

22.0 ± 6.9

42.5 ± 27.1

Cobb angle (minor curve)

Coronal plane imbalance (trunk shift)
All

1.13 ± 1.52

1.08 ± 1.36

0.85 ± 0.82

L2− 0.88 ± 1.62

1.03 ± 1.68

0.66 ± 0.69

L3+ 1.28 ± 1.48

1.12 ± 1.16

0.96 ± 0.88

Sagittal plane imbalance
All

−1.30 ± 2.58

−3.23 ± 2.59

−2.99 ± 2.99

L2− −1.66 ± 2.84

−3.29 ± 2.62

−3.31 ± 2.87

L3+ −1.11 ± 2.41

−3.19 ± 2.62

−2.80 ± 3.09

All

53.3 ± 13.2

Pelvic incidence angle
53.5 ± 13.0

53.8 ± 13.0
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Preoperation Postoperative Year 1 Postoperative Year 2 % correction
L2− 55.1 ± 11.2

49.9 ± 12.6

50.0 ± 13.7

L3+ 52.6 ± 14.0

55.0 ± 13.3

56.0 ± 12.4

Discussion
Scoliosis consistently affected weightbearing distribution
through the lower extremities. Participants in the AIS Group presented
with greater weightbearing asymmetry preoperatively than the Control
Group. As the asymmetry occurs during unopposed standing, this
would support a biomechanical cause: because of the effects of the
musculoskeletal deformity, individuals with AIS have a baseline center
of mass shifted away from midline. This was consistent with many
prior studies showing increased sway in participants with AIS. There
are still a number of studies that do not show this difference. As
previously mentioned, studies have varied considerably with respect to
experimental tasks and the degree of severity of scoliosis, though they
tend to implicate sensorimotor mechanisms.1,13,19,20,21
Neither the Control nor AIS Group consistently reached their
limit of stability in the volitional weight-shifting tasks (their expected
EPE and MXE would be 100% for typically developed adults). As
adolescents have to contend with physical growth, they may be
expected to perform worse on the tasks than a typical adult. Indeed,
children and adolescents perform better on dynamic posturography
tasks as they grow and develop.38 However, even at baseline, the AIS
group performed better than the Control Group on EPE but not MXE,
which suggests they learn to improve the initial accuracy of their
weight-shifts despite an aberrant center of gravity. Compared with
baseline, the AIS subgroups had better performance on EPE by the
second preoperative year. This suggests that PSFI improves the
accuracy of their weight-shifting in concert with moving their COG
toward the midline. Their overall limit of weight-shifting, measured by
MXE, remained indistinguishable from controls at 2 years
postoperation and did not appear to be affected by scoliosis or
corrective surgery, in contrast with EPE. Although the present study
results are consistent with the two prior studies of PSFI on postural
control at 6 months and 1 year, this study has the benefit of showing
continued improvement in volitional weight-shifting by the second
postoperative year.16,31
Spine Deformity, Vol 4, No. 6 (November 2016): pg. 432-438. DOI. This article is © Elsevier and permission has been
granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be
further copied/distributed or hosted elsewhere without the express permission from Elsevier.

14

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

With respect to the effect of LIV on weight-shifting, the L3+
Group unexpectedly demonstrated greater volitional weight-shifting
accuracy (EPE) at 1 year postoperation compared with L2− that
approached significance (p = .02). There were no differences by the
second year postoperation. The L3+ Group also showed decrease in
MXE-EPE, suggesting that they need less readjustment of their initial
weight-shift than preoperatively. Although prior studies were
inconsistent on the change in spinal motion at unfused levels at 2
years,26,32,39 this did not appear to affect individuals' volitional weightshifting ability in the present study. Within the same cohort, the L3+
group had increased range of motion in a prior study that approached
significance (p = .04) between the first and second year
postoperation.26 Overall, volitional weight-shifting ability appeared to
be inversely or at least independently related to range of motion.
Counterintuitively, a restriction in range of motion may provide
additional stability and ultimately more accurate volitional weightshifting along with a restored midline COG. Nonetheless, the further
restriction in instrumenting below L3 does not appear to significantly
affect this accuracy to warrant change in current surgical practice.
The present study benefited from a relatively large sample size,
homogenous surgical technique (PSFI only), and long-term follow-up.
However, the study could have benefited from long-term follow-up in
the Control Group to eliminate natural adolescent growth as a
potential confounding factor. Given that patients with both left convex
and right convex spinal curves had center of sway in lateral plane
directed to the right,3 we were primarily interested in the volitional
weight-shifts toward the left, away from the center of gravity. Overall,
we found that participants in the AIS and Control Groups showed
differences in weightbearing symmetry. Participants in the AIS group
improved on volitional weight-shifting after PSFI, and there was no
difference between the L2+ and L3− subgroups on postoperative
volitional weight control.

Conclusions
Individuals with AIS have a shifted COG from midline compared
with typically developing controls. Although previous reports have
identified that fusion to more distal segments affected trunk motion
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after PSFI, in this study it did not affect an individual's post-operative
improvement in volitional weight-shifting. There was no indication that
adjustment of LIV level would minimize the risk of postoperative
postural control impairment. Other than LIV, factors such as
preoperative weightbearing symmetry and curve characteristics may
also impact volitional weight-shifting and warrant further inquiry.
Because improvements of weightshifting after PSFI continued 2 years
postoperatively, future studies may also investigate postural control
further in the long term and development of compensatory
mechanisms.

Key points





Individuals with adolescent idiopathic scoliosis (AIS) have greater
weightbearing asymmetry but improved volitional weight-shifting over
typically developing controls.
Posterior spinal fusion and instrumentation (PSFI) improves volitional
weight-shifting beyond the preoperative baseline.
No difference in postural control by postoperative year 2 with respect
to lowest instrumented vertebra group (L2 and above vs. L3 and
below).
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